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Abstract 
In the product design process, the designer needs to figure out how to integrate tolerancing process to ensure the transition from function to 
tolerances. Our proposition is to use energy flow modeling in Characteristics-Properties Modeling (CPM). CPM creates a framework 
containing function and structure of the product. Energy flow creates the link between function and structure in CPM using energy-based 
behavior modeling. Considering both qualitative and quantitative aspects, the result is an approach to create a quantitative function-behavior-
structure relationship to ensure the transition from function to geometrical specifications. This systematic approach can be used to evaluate the 
tolerance impact on system’s function. 
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1. Introduction 
In designing products, the main objective is designing 
products with high quality. The quality of a product can be 
defined by its efficiency. Efficiency is related to the losses in 
the system. So, if different losses are reduced, the efficiency 
can be increased. In many cases, the losses are related to the 
gaps between moving parts, assembled parts or any other gaps 
that are necessary and unavoidable or avoidable in 
functioning of the product.  Any gap is related to the 
dimensions of two or more parts. This gap can be modified by 
changing the tolerances of related dimensions. Therefore, 
taking into account the liaison between efficiency and 
tolerances, one of the approaches to improve product quality 
is tightening tolerances. In this approach, the key point is to 
find the related tolerances to the performance of the product. 
Commonly, there are four aspects of tolerancing: 
Tolerance representation, tolerance specification, tolerance 
analysis, and tolerance synthesis [1,2]. 
The aspect of tolerance specification is to identify the 
related tolerances to the performance and function of the 
system. Several approaches are presented in literature for this 
aspect [3]–[6]. The determined relations in these approaches 
are qualitative. So, two aspects of tolerance analysis and 
synthesis are used to have a quantitative model of system 
based on the identified qualitative links. Moreover, Dantan et 
al. [7] proposed a multi-level approach, which includes 
parallel processes of conceptual design and tolerancing 
process  as shown in Fig. 1. 
In these approaches, the designer studies the functional 
performance of a product and then looking for geometrical 
requirement that might effect on the performance. Then, 
based on the geometrical requirements, the related tolerances 
are identified. So, in tolerance analysis, the designer needs to 
model the functional characteristics, component deviations, 
and environmental impacts. So, both qualitative and 
quantitative relations should be in the system’s model. 
Thus, the designer first needs to find the link between 
system’s function and its specifications. Second, the impact of 
related tolerances to each specification is analyzed on the 
performance of the system. The difficulty is to link the 
qualitative functional requirements to the quantitative 
© 2016 The Authors. Published by Elsevier B.V.  This is an open access article under the CC BY-NC-ND license 
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functional tolerances. So, a multi-physical approach is needed 
to assure the transition from function to tolerances taking into 
account both qualitative and quantitative aspects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Common approach for function-tolerance analysis [7] 
This paper proposes a systematic approach to create a 
quantitative link between functional performance and 
functional tolerances. In this approach, which includes two 
phases, the qualitative functional and tolerance requirements 
are combined with quantitative relations. The first phase is to 
create a quantitative model of the product based on the 
functional performance, behavior and structure of the product. 
The model establishes a link between functional performance 
and geometrical dimensions. In the second phase, the model is 
used to analyze the impact of tolerances on functional 
performance. 
In the first phase, to create the model, Characteristics-
Properties Modeling (CPM) [8,9] is used as a framework of 
the approach. Basically, this framework is used to 
demonstrate a quantitative link between function and structure 
of a product. However, establishing this link, bearing in mind 
the coupling of design elements, is not straightforward. 
In order to identify such relationship, a complementary 
model which is based on physical links in the product is 
required. Among the possibilities, there are three types of 
flows that can create such link: material flow, information 
flow and energy flow. Material flow is the best means in 
designing manufacturing processes. Information flow is 
mostly used in system engineering or processes. For modeling 
mechanical products, energy flow is one of the best means to 
find the physical links between the elements [10].  
Thus, energy flow is used in this paper to determine the 
relationships in CPM and therefore find the passage from 
functional performance to functional tolerances.  
Using this energy approach, the model in CPM is built step 
by step, based on the functional, behavioral and structural 
descriptions. This approach creates a passage from function to 
structure of a system. Structure of a system mostly includes 
geometrical dimensions. Each dimension has its tolerances 
which are related to the precision of manufacturing process.  
So, by using the proposed approach the designer can have a 
passage from function to tolerances. 
After creation of the model, in analysis phase, the model is 
used to analyze the modifications’ impact of product 
structure, including tolerances, on product performance.  
In the second section, after a brief introduction of energy 
flow modelling and CPM, the approach is presented (phase 1). 
In section 3, it is shown how this approach can be used to 
analyze the impact of tolerance modifications on the 
performance of the product (phase 2). 
2. Phase 1: Creation of the quantitative model 
2.1. Energy flow modeling 
The proposed energy flow modeling begins with required 
function of the system. Based on the required function, 
system’s function is defined in the first level (Fig. 2). As Fig. 
2 illustrates, the input and output of the system are types of 
energy. 
 
 
 
 
Fig. 2. First level of energy approach 
In second level, the system’s function is decomposed. The 
decomposition is based on the energy point of view in 
subsystems. For this level, energy model proposed by Pailhès 
[11] is used. This model studies the behavior of the system 
based on the energy flow. The model, which is also called 
CTOC, studies the system in both functional and structural 
point of view. According to [11], functioning of the system 
components is defined by transmission or transformation of 
energy. 
In this model, a system can consist of four elements: 
Converter (to convert one type of energy to another), 
Transmitter (to transmit the received energy), Operator (to 
fulfill the required action of the system), and Control (to 
insure the functioning of other elements). Fig. 3 illustrates a 
general representation of this model. 
 
 
 
 
 
 
 
 
 
Fig. 3. Second level of approach (extracted from [11]) 
In Fig. 3, the element of “Reference” is the physical 
contact of the system with external environment. Reference 
can be, for instance, the handle of a device or ground. 
Different subsystems (elements) could be connected by 
interaction elements such as wires, tubes or casings. These 
elements are shown as small circle on the arrow between two 
elements. These elements are important in structural view. 
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After identifying the required functions of sub-systems, 
decisions are made for the structure of the system. The chosen 
structure for each sub-system can be an entity or group of 
entities. In complex systems, CTOC model can be used to 
decompose the function of sub-systems as well. 
The third level is about the detailed functional structure of 
the system. After structural decision making in the previous 
level, the designer uses energy flow for the relationship of the 
components. By using energy flow, designer gets an overall 
understanding of the system. So, identification of necessary 
components will be easier. For modeling of this level, a model 
such as block diagram, one of the diagrams in System 
Modeling Language (SysML) [12], with focusing on energy 
flow can be used. 
2.2. Characteristics-Properties Modeling (CPM) 
In the proposed approach, CPM is used as a framework to 
create the model of system. CPM is based on the distinction 
between “Characteristics” and “Properties” of a product [8]. 
According to Weber [8,9], Characteristics (Ci) are parameters 
in a product that can be modified directly by the designer such 
as material, dimensions and its tolerances. Properties (Pj) are 
those parameters that the designer cannot modify directly. 
These parameters can be changed indirectly by the 
modification of the characteristics. For instance, to change a 
backlash, one needs to change the dimension of two related 
parts. It is necessary to find the Relations (Rij) between Ci and 
Pj. These relations show how the Pjs can be changed by 
modifications of Ci. 
Unlike characteristics and properties, there are other 
parameters that cannot be changed directly or indirectly but 
they have an impact on the system. These parameters in CPM 
are called External Conditions (ECk).  
In the process of modeling by CPM, there are assumptions, 
hypotheses, or simplifications done by the designer in the 
design process [13]. These considerations should be 
documented as Modeling Conditions (MC) in CPM.  
Modeling conditions are defined based on the objective of 
the model. So, depends on the objective, different 
environmental effects can be ignored or equations can be 
simplified. However, these conditions should be validated 
depends on their impact on system’s function. 
An extended schema of CPM, inspired from the original 
model [8], is illustrated in Fig. 4. The major difference of this 
schema with [8] is having several levels Intermediary 
Properties (IPj) and top-down approach to create the model of 
product. In a complex product, identifying relationships 
between Pj and Ci is not easy. So, Intermediary Properties 
(IPj) are used to find the link in different levels of 
decomposition and to have a more comprehensible illustration 
of the model. The creation of CPM includes two approaches: 
Synthesis to create the model and analysis to analyze the 
impact of Ci on Pj. 
In CPM terminologies, the required performance of the 
product is Required Properties (RPj) and the functional 
performance of the product is Pj. The structure of the product 
including dimensions and their tolerances are considered as Ci 
in CPM. 
Thus, by identifying the relationship between Cis and Pjs in 
CPM, the designer can find the performance-structure 
relationship. This identification (the synthesis approach) is 
done with aid of energy flow. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. An extended schema of CPM 
2.3. The proposed approach 
In this section, the model synthesis is described step by 
step using energy flow in CPM in a systematic top-down 
approach. The approach starts from studying the system as a 
black box as shown in Fig. 5. 
Based on the required properties, the required function is 
defined. According to required function, property(ies) as a 
quantitative measure is identified. As an energy-based 
approach, input and output of the system are energy types. 
Depending on the function of the system, the output energy 
type can be the same or different form the input energy type. 
 
 
 
 
 
 
 
 
Fig. 5. The first level of the approach – System as a black box 
As it is shown in Fig. 5, based on the RPj and Pj in energy 
model, the elements of CPM are created. This representation 
is existed in all levels of decomposition. 
A full modeling approach is shown in Fig. 6. For a 
practical understanding of the proposed approach, steps are 
explained on a case study. The case study is an oil pump used 
in automotive industry. 
In this case study, the required function is delivering oil 
with required speed. As mentioned earlier, the energy flow 
has two aspects of functional and structural. In Fig. 6, only the 
structural aspect is illustrated. So, the structural aspect of 
“deliver oil” is “oil pump” as shown in Fig. 6. In step (1) of 
this figure, the system converts mechanical energy into 
hydraulic energy in energy point of view. The main property 
here is chosen as “oil flow” (Q) by the manufacturer. So the 
first part of CPM is established as shown in (2). 
The second level is to define the required function of sub-
systems. In this level the function is decomposed based on 
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CTOC (Fig. 3). Two sub-functions of “Transmitting 
mechanical energy” (T) and “providing hydraulic energy” (O) 
are identified based on this model. Accordingly, the required 
structure of each subsystem is chosen as shown in step (3) of 
Fig. 6.  
Important parameters are determined (which are normally 
efficiencies in this level) and placed in CPM as shown in 
circles in step (4). It is important to find the relationship 
between the identified parameters of this level with previous 
level. This relationship (R1), which is between the elements of 
step (2) and (4) is as shown in equation 1. 
   
hmvp
MQ KKZ .. u'                                                            (1) 
Torque (M) and rotational velocity (ω) in this equation are 
considered as EC since they are affected by the engine. 
Pressure rise (Δp) which is a consequence of system operation 
also considered as EC. Two parameters of ηhm and ηv are 
intermediary properties. 
The next level of energy approach as shown in step (5) is 
the functional structure of the system. This level of modeling 
is based on the designer’s decisions and the energy flow in the 
previous level. In Fig. 6, this step is shown as a simplified 
structure of the system. As before, important related 
parameters, V (Oil displacement) and Ql (Flow loss) here, are 
determined and placed in the next column of CPM and the 
relationships of R2 and R3 are found as equations 2 and 3 
respectively. 
p
M
V
hm ' .2SK                                                                  (2) 
  Z
SK
.
.2
1
V
Ql
v                                                                    (3) 
 By using these relationships the next column of CPM is 
created (6). These parameters in this level cannot be 
considered as Ci based on the definition. So system 
decomposition continues until achieving level of 
characteristics (Ci). So, the designer should look for equations 
to calculate the parameters in this level. For example in Fig. 6, 
Ql is related to backlashes (hr and ha) and they are related to 
geometrical dimensions. When the Ci column in step (7) is 
established with all the related parameters as well as the 
deliberation of ECk and MC, the next phase can be initiated. 
This column which is the leftmost column in Fig. 6, includes 
all the characteristics such as material and geometrical 
dimensions. 
Dependencies between the characteristics (Ci) in addition 
to their related tolerances should be identified. Tolerance 
interval of each dimension is mostly dependent on the 
manufacturing process precision such as machine tolerance. 
By studying the process, internal tolerances can be achieved. 
These tolerances are functional tolerances based on the 
characteristics that have impacts on the performance of the 
system. 
3. Phase 2: The proposed approach in tolerancing 
This phase is the analysis phase in the proposed approach 
which is utilized in tolerance analysis in this paper. After the 
creation of the model in phase 1, the relationship between 
performance and structure of the product is established which 
means: 
Fig. 6. An illustration of the proposed approach for an oil pump 
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),( kij ECCfP                                                                 (4)  
Thanks to this equation, which is the combination of 
relationships in CPM, one can evaluate the impact of 
characteristics and external conditions on the system’s 
performance. 
3.1. Analysis of characteristics and external conditions 
An important group of characteristics in CPM created by 
the proposed approach is parts’ geometrical dimensions. 
These dimensions are the result of manufacturing process. So, 
based on the precision of manufacturing process, different 
tolerance intervals can be assigned to each Ci as shown in 
equation 5. 
)( ij CfP          where        ii TICg d)(                              (5)
 
For instance, in the studied oil pump, two of the 
characteristics are gear thickness (LG) and the casing space 
containing the gear (LC). After numerical simulation done by 
Matlab® software, the result shows that if the difference of 
these two parameters increases, the flow (Q) will be 
decreased. By looking at the created model in Fig. 6, it is clear 
that these parameters are related to axial backlash (ha). 
Increasing the difference of these two parameters means 
increasing the axial backlash. By following the parameters in 
CPM, one can tell LG and LC are related to Ql through the 
relations R10, R7 and R4. The link and these relations show 
that increasing ha leads to increase in flow loss (Ql) and this is 
the reason for lower oil flow rate (Q). 
In tolerancing point of view, lower precision of process 
will lead to higher tolerance interval of these two parameters. 
Higher tolerance interval means there are more chances of 
having product with higher-than-accepted flow loss. So, there 
is higher probability of low-quality products. 
Equation 4 is also containing the impact of external 
conditions (ECk) on the output of the system. To consider the 
behavior of a system, the impact of environmental effects on 
the system should be considered as well. By having ECk in the 
relations of CPM, these effects are considered in the modeling 
phase. In analysis phase (phase 2), the impact of these 
parameters can be assessed like the impact of Ci. For instance, 
type of oil used in the oil pump might effect on Q. A result of 
sensitivity analysis illustrates that oil viscosity (µ) has a direct 
relationship with oil flow (Q). 
Unlike Ci, variation of ECk is mostly during the operation 
of the system. So it is part of the system’s behavior. In 
comparison with Cis, the value of these parameters varied in 
larger intervals. So analysis of ECk in phase 2 is important to 
assure the correct functioning of the system in different 
environmental conditions. 
3.2. Analysis of modeling conditions 
All the analyses in phase 2 depend on the modeling 
conditions which have been defined by the designer in 
modeling phase. So, it is important to analyze the probability 
of respecting MC as well as the impact of MC on the 
performance of the system’s model. 
MC is to simplify the modeling process or to concentrate 
on the objective of modeling. However, it is important not to 
consider conditions that cause elimination of an important 
aspect of the system. Using equations 6 and 7, the modelling 
conditions should be verified. 
XMC t).(Pr                                                                     (6)
 
> @MCYECCf ki t),(.Pr                                                  (7) 
Equation 6 calculates the probability of respecting specific 
MC. So X is related to the probability of the hypothesis. 
Equation 7 is the probability of having the required 
performance while respecting the specific MC. Therefore, Y is 
related to the impact of hypothesis on the performance of the 
system. X and Y in equations 6 and 7 are defined by the client 
and/or the designer. An example of modeling condition in 
discussed case study is: 
MC3: External leakage (EL) is considered as zero. 
This condition considers zero tolerance for the surface 
between two parts of pump casing (CPHF and CRPH in Fig. 
6). To verify if this condition is negligible, the probability of 
MC3 as shown in equation 9 is calculated. 
99988.0)0(1).(Pr 3    ELPMC                           (8)
 
This value is obtained by testing the final product. 12 
rejected products out of 100,000 products due to external 
leakage is an acceptable number for the client to verify MC3. 
Another example is MC1: “There is no friction between 
gears’ teeth and casing.” 
This statement means first, the backlash between gears and 
casing should be more than zero to make the assembly 
possible. Negative backlash (gear’s diameter more than the 
space containing the gear) might happen after manufacturing 
of the components and before the assembly. 
Second, the backlash should be more than a specific 
amount to avoid friction. During product functioning, because 
of decentralization of the gear shaft, asymmetrical 
manufactured gears, or/and rough surfaces, friction happens. 
So, since the designer considered this condition in modeling 
process to simplify equations, it should be verified. So; 
Ǥ ሺܧܽݏݕܽݏݏܾ݈݁݉ݕሻ ൌ Ǥ ሺܤ݈ܽܿ݇ܽݏ݄ ൐ Ͳሻ ൌ ͲǤͻͺ͵ͳ      
(9) 
Ǥ ሺܰ݋ܨݎ݅ܿݐ݅݋݊ሻ ൌ Ǥ ሺܤ݈ܽܿ݇ܽݏ݄ ൐ ͲǤͲͲͳ݉݉ሻ ൌ
ͲǤͻͺʹͶ           (10) 
Ǥ ቀܳ ൒ ͲǤͲͲͲͺ݉ଷ ݏൗ ቚܧܽݏݕܽݏݏܾ݈݁݉ݕቁ ൌ ͲǤͻ͹ͻͳ 
(11) 
Ǥ ቀܳ ൒ ͲǤͲͲͲͺ݉ଷ ݏൗ ቚܰ݋݂ݎ݅ܿݐ݅݋݊ቁ ൌ ͲǤͻ͹ͺ͵      (12) 
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Equation 9 as the probability of “easy assembly” is 
calculated. This means if the backlash is greater than zero, the 
assembly is possible. Equation 10 is the possibility of friction 
during functioning of the product. Regarding the causes for 
friction, the value of 0.001 mm is chosen as the minimum 
backlash to avoid friction. 
The objective in this case study is having specific oil flow 
(Q) as output. So, the impact of these modeling conditions is 
verified according to the minimum acceptable Q (8×10-4 
m3/s). These probabilities are shown in equation 11 and 12. 
It is up to the designer and client to accept the modeling 
condition based on the result of equations 9-12. Their decision 
is based on the objective and precision of the model. 
4. Conclusion 
In product design process, identifying the link between 
functional requirement and the specification of a product is an 
important issue. The presented systematic approach creates a 
pathway for designer from functional requirements to the 
product characteristics and their specifications. 
Fig. 7 is a schema of our approach compared to Fig. 1. As 
this figure shows, energy flow enables the transition from 
functional performance to functional structure. After a multi-
physical modeling of the behavior of the system using energy 
flow, the model is created in the template of CPM. Thus the 
model demonstrates the function-behavior-structure link. By 
this link, the analysis of functional tolerance is possible.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Our approach compared to common approach 
So compared to the common approaches, in our approach, 
the qualitative and quantitative approaches are combined and 
the tolerancing process is integrated in design approach. The 
function decomposition is done in energy flow approach. 
Geometrical requirements are taken into account in structure 
modeling using characteristics dependencies in CPM. In this 
approach only functional tolerances and not all are taken into 
account. So, the designer can start the detail design with 
knowledge over the minimum requirements of the system. 
This approach gives a better perspective for creating a new 
product or studying an existed product. For creating a new 
product, the approach begins with the required function and 
decomposes the requirements. Therefore, the designer can 
deal with smaller and more manageable design problems. 
Structural decisions are made step by step systematically. So, 
it reduces the uncertainty in decision making. 
If the product exists, this approach can be used to improve 
the product. By identifying the necessary components of the 
system, unnecessary costly components (or entities) can be 
identified. 
As shown in section 3, one of the applications of this 
approach is to use in tolerance analysis. Thanks to the created 
relationships, changing of properties by modification of 
geometrical dimension is possible. Dimensions are limited by 
related tolerances. Thus, the link between functional 
performance and functional tolerances can be established. 
In analysis phase of the proposed approach, the impact of 
tolerances on performance of product can be evaluated. By 
combining tolerance-cost analysis, the result of this evaluation 
can help the designer to see if tightening a specific tolerance 
is worth the cost compared to performance improvement. 
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